T oll-like receptors (TLRs) are a family of proteins that are involved in the initial phase of host defence against invading pathogens. TLRs act as primary sensors of microbial products and activate signalling pathways that lead to the induction of immune and inflammatory genes.
1 TLRs belong to a broader family of proteins, which include receptors for the proinflammatory cytokines interleukin (IL)-1 and IL-18. All members of this superfamily signal inflammation in a similar manner. This is due to the presence of a conserved protein sequence in the cytosolic domain called the Toll-IL-1 receptor (TIR) domain, which activates common signalling pathways, most notably those leading to the activation of the transcription factor NF-kB (nuclear factor kB) and stress-activated protein kinases. 2 Most investigations on TLRs have focused on cells of the innate system. Furthermore, most research on the biological implications of TLRs has centred on infections. This is because the patterns recognised by TLRs are principally from pathogens. We have investigated the potential role of TLRs in an inflammatory disease, asthma.
Asthma is a chronic inflammatory condition of the airways characterised by airway hyperresponsiveness, inflammatory infiltrates in the bronchial wall containing eosinophils, and elevated serum IgE levels. T helper (Th) 2 lymphocytes are thought to play a key role in the initiation and perpetuation of this airway inflammation. [3] [4] [5] The prevalence of asthma and allergies has increased dramatically over the past 20 years in developed countries, which cannot be explained by changes in genetic predisposition. Environmental factors, especially in industrialised countries, are now thought to be responsible for this rapid increase in asthma. 6 7 We summarise here our recent data showing that a TLR2 agonist, BLP (bacterial lipoprotein, Pam3CSK4) is highly effective in treating an established murine model of OVA specific asthma.
BLP REVERSES ESTABLISHED OVA INDUCED AIRWAYS INFLAMMATION
To investigate the therapeutic potential of BLP in reversing inflammation in allergic asthma, we employed an OVA induced murine asthma model. BALB/c mice were primed and boosted with OVA as described previously. 8 Briefly, mice were immunised intraperitoneally on day 0 and 14 with 100 mg OVA in an alum suspension made up to a volume of 200 ml. On day 14, mice were anaesthetised with 250 ml of Avertin, and 100 mg of OVA in 40 ml of PBS was administered intranasally. Mice were again anaesthetised before being challenged intranasally on each of the days 25, 26, and 27 with 10 mg OVA in 40 ml of PBS. Control mice were given PBS in place of OVA in both the sensitisation and the challenge stages. Mice were sacrificed on day 29 by administration of a fatal dose of Avertin. To test the effect of TLR2 agonist, a single dose of BLP (100 mg) was administered intraperitoneally on day 25, 26, or 27, two hours after the intranasal OVA challenge. Thus, mice treated with BLP on day 27 alone would have been challenged on the previous three days with OVA.
Untreated OVA sensitised and challenged mice produced the expected airway hypersensitivity. BLP treatment showed a profound reduction in the bronchioalveolar lavage total cell count, and eosinophilia. Histological analysis demonstrated a reduction in the inflammatory infiltrates seen in the peribronchial and perivascular areas of the murine lungs treated with BLP. This decrease in airway hypersensitivity was observed on all of the days that BLP was administered. Even mice which had received all three intranasal OVA challenges showed a profound decrease in their airways inflammation, when BLP was administered two hours after their last intranasal allergen dose. This beneficial effect of BLP was sustained for at least five days after treatment. These results demonstrate that BLP could be a novel therapeutic agent for established asthma.
IMMUNOLOGICAL ANALYSIS OF THE EFFECT OF BLP
To investigate the immunological mechanism involved in the BLP treatment, lymphoid cells were harvested from the BLP treated and untreated control mice and cultured with OVA in vitro. BLP did not affect the T cell proliferation against OVA in vitro. However, the lymphoid cells from BLP treated OVA sensitised/challenged mice produced significantly more interferon c (IFNc) and IL-10 compared with untreated OVA sensitised/challenged mice. In contrast, BLP treatment led to a marked reduction in IL-4 and IL-5 synthesis by the lymphoid cells from OVA sensitised/challenged mice. Serum obtained from mice after BLP treatment showed a marked reduction in the concentration of OVA specific and total IgE antibody. The level of serum IL-12 was greatly increased (up to 15 ng/ml) as early as two hours after BLP injection. Thus there appears to be a skewing of the Th 2 to Th 1 response immediately following BLP treatment.
BLP ENHANCES IL-12 AND IFNc SYNTHESIS IN VITRO
To investigate the cell source and mechanism by which BLP induced IL-12 production and Th 1 cell development, we cultured bone marrow derived dendritic cells (BMDCs) with graded doses of BLP in vitro. In response to BLP, BMDCs produced significant levels of IL-12. The cells were then washed and cultured with highly purified CD4+ T cells from OVA TcR transgenic mice (DO10.11) in the presence of OVA peptide. CD4+ T cells cultured in the presence of BMDCs and BLP produced significant amounts of IFNc but little or no detectable IL-4. These results demonstrate that BLP is capable of inducing dendritic cells to produce IL-12, which in turn enhances the development of Th 1 cells and the production of IFNc.
THE THERAPEUTIC EFFECT OF BLP IS IL-12 DEPENDENT
We then investigated the role of IL-12 in the therapeutic effect of BLP. Mice were sensitised and challenged with OVA as above and injected intraperitoneally with anti-mouse IL-12 or control rabbit IgG two hours prior to the intranasal challenge of day 27. BLP was administered two hours later. The therapeutic effect of BLP was completely abrogated by the anti-IL-12 antibody. This was clearly demonstrated by the reversal of eosinophilia, and IgE, IFNc, IL-4, and IL-5 synthesis. Mice injected with anti-IL-12 antibody showed lung inflammatory cellular infiltration indistinguishable from that in mice sensitised to but untreated with BLP. To confirm the role of IL-12 in this model, we sensitised and challenged IL-12 ko mice with OVA and treated them with BLP as above. Whereas the wild-type control mice showed the expected beneficial effect of BLP treatment, IL-12 ko mice did not. IL-12 ko mice exhibited the same degree of eosinophilia and IL-4 synthesis and lung cellular infiltration as the untreated IL-12 ko or wild-type mice. These results therefore clearly demonstrate that the therapeutic effect of BLP in asthma is critically dependent on the preferential induction of IL-12.
THE THERAPEUTIC EFFECT OF BLP IS IL-10 AND TGFb INDEPENDENT
The enhancing effect of BLP on IL-10 production in vivo and in vitro suggests a potential role of regulatory T cells in the beneficial outcome of BLP treatment. IL-10 and transforming growth factor b (TGFb) have been implicated as the effector of several subclasses of regulatory T cells. [9] [10] [11] [12] To investigate this possibility, mice were sensitised and challenged with OVA in the standard protocol. The animals were injected intraperitoneally with anti-mouse IL-10 receptor (R) antibody, anti-TGFb antibody or control normal IgG, two hours before the intranasal OVA challenge on day 27. BLP therapy (day 27) was administered two hours after the last intranasal challenge. The doses of the antibodies were effective in neutralising their respective cytokines in vivo. 12 Neither anti-IL-10R antibody nor anti-TGFb antibody had any effect on BAL cell counts, eosinophilia, OVA induced cell cytokine production by lymphoid cells, or inflammatory cell infiltrate in the lungs. These results indicate that the therapeutic effect of BLP in airway hypersensitivity observed is unlikely to be mediated by regulatory T cells.
CONCLUSION AND DISCUSSION
Our study demonstrates an impressive therapeutic role of BLP in a murine asthma model. The beneficial effect was immediate and sustained. The effect of BLP appears to be based, at least in part, on its ability to induce IL-12 synthesis by dendritic cells. The heightened levels of IL-12 in turn enhance a specific Th 1 response and decrease Th 2 activity. The therapeutic effect is independent of IL-10 and TGFb and, by extension, unlikely to involve regulatory T cells.
The role of TLR2 signalling in the induction of Th 1 and Th 2 cell development remains controversial. TLR2 activation has been reported to lead to the initiation of both Th 1 and Th 2 differentiation. [13] [14] [15] It is likely that whether TLR signalling activates the Th 1 or the Th 2 pathway depends on the timing (relative to specific antigenic stimulation), dose and nature of TLR2 agonists, and the genetic background of the responding hosts. In our model, although the BLP treatment led to a mild increase in the Th 1 cytokines, the levels do not appear to be high enough to exacerbate airway hyperresponsiveness, or increase the Th 1-dominant IgG2a antibody subtype. Recent reports investigating the effect of TLR2 agonists in the sensitisation phase, and the effect of a TLR 2/4 agonist in the challenge phase of murine models of asthma have also shown that TLR activation could lead to a beneficial decrease in the Th 2 phenotype, with a mild non-detrimental increase in Th 1 response. 16 17 The beneficial effect of BLP and its mechanism of action appear to be akin to the TLR9 agonist, CpG oligonucleotides. TLR9 activation also led to an increase in IL-12 production from dendritic cells and an enhancement of IFNc synthesis by T cells, resulting in decreased Th 2 cell differentiation and attenuated eosinophilic airways inflammation. 18 However, it has been reported that CpG could enhance the risk of aggravation of autoimmune disorder in immunocompetent hosts. 19 Thus TLR2 agonists, such as synthetic BLP, may represent additional and alternative potential reagents for controlling allergic diseases.
